Tremor is defined as a rhythmic, involuntary oscillation that can affect the upper and lower extremities, head, jaw, face, tongue, voice and trunk.
Large lesions involving the ZI and the surrounding white matter tracts, including the prelemniscal radiation, were shown to be effective in suppressing distal tremor with a resting, postural or kinetic component in patients with PD 30 and ET. 31 In 1969, Bertrand and colleagues 32 defined an area where the mere impact of the tip of a small probe caused abrupt and total cessation of tremor. This area was in the region of the 'prelemniscal radiation'. Bertrand and colleagues attributed their findings to lesioning the ascending fibres from the upper mesencephalic reticular substance, the pallidothalamic and pallidotegmental fibres. We now know that this area also carries the dentate-and interpositusthalamic fibres on the way to the Vim. This white matter prelemniscal radiation has been stimulated unilaterally to alleviate resting tremor in PD 33, 34 and distal postural and kinetic tremor in ET (performed bilaterally). 35 Unilateral stimulation encompassing both the rZI and prelemniscal radiation has been shown to be very effective in suppressing distal PD tremor, 36 writing tremor 37 and proximal limb tremor as in ET, [38] [39] [40] and cerebellar (CT), 37, 41 dystonic (DT) 37 and multiple sclerosis (MS) tremor. 40, 42 More recently, some centres have targeted the STN to improve non-parkinsonian dystonic tremor 43 and ET, 43, 44 although the active stimulation contact has been in the subthalamic region encompassing the rZI and the prelemniscal radiation. Most groups, as discussed above, have performed unilateral stimulation of the posterior subthalamic region encompassing the prelemniscal radiation and the rZI. 33, 36, 37, 39, 45, 46 The DBS lead has been implanted contralateral to the worst affected side. This region has a high concentration of ascending dentatocerebello-rubro-thalamic fibres to the Vim nucleus, and when bilateral stimulation has been attempted, patients have developed disequilibrium and dysarthria as seen following bilateral Vim nucleus stimulation. 40 We noted a 40% incidence of the above complication following implantation of a bilateral DBS lead medial to the STN in patients with PD. 47 
Caudal Zona Incerta Nucleus
Over the past few years we have been performing magnetic resonance imaging (MRI)-guided bilateral stimulation of the cZI nucleus using the implantable guide tube technique for both parkinsonian and non-parkinsonian tremor. 48 In our recent publication on 18 patients (five PD tremor and 13 non-PD tremor) with tremor affecting both the proximal and distal body parts (Holmes, cerebellar, ET, MS and dystonic tremor), we defined the optimal target posteromedial to the posterodorsal STN. The co-ordinates with reference to the anterior-posterior commissure were x=14.2±1.56mm, y=-5.7±1.32mm
and z=-2.1±1mm. 49 This target is posterolateral to that defined by other groups who have stimulated the subthalamic region 33, 35, 36, 39, 40, 45 (see also Figure 2C in Plaha et al., 2008 49 
Tremor and Zona Incerta
The cZI nucleus as discussed above is a very effective target to suppress all forms of tremor affecting the proximal and distal body part.
The mechanisms underlying the generation of tremor remain poorly understood and, despite a number of hypotheses, there remain significant gaps in our understanding of it. In none of the proposed hypotheses does the cZI nucleus play a role in either the generation or conduction of tremor oscillations and yet in recent publications we have demonstrated that high-frequency stimulation of this region has a potent antitremor effect. 47, 50 We present our current understanding of the anatomy and physiology of the cZI and then discuss its proposed role in the pathophysiology of PD and non-PD tremor. We also discuss how and why high-frequency stimulation of the cZI suppresses tremor.
Zona Incerta Nucleus and Its Function
The ZI, an embryological derivative of the ventral thalamus, is a distinct heterogenous nucleus that lies at the base of the dorsal thalamus. 51 these components is divided into a dorsal and a ventral part. The ZI receives afferents from the basal ganglia output nuclei (globus pallidus internus and substantia nigra reticulata), [54] [55] [56] [57] the ascending reticular activating system [55] [56] [57] [58] and also motor, associative and limbic areas of the cortex, 56, 59 which are known to facilitate and modulate motor behaviour.
The ZI sends efferents to the centromedian and parafascicular nuclei (CM/Pf) of the thalamus, 60,61 the ventral anterior (VA) and VL nuclei of the thalamus, 62 the midbrain extra-pyramidal area (MEA), 54 basal ganglia output nuclei 54 and the cortex. [63] [64] [65] The interpositus nucleus of the cerebellum 66 and the inferior olive (IO) also receive ZI efferents. 
Caudal Zona Incerta and Kinetic Tremor
To understand this better we will look at the interaction between the cerebellum-brainstem nuclei-cZI and the cortex during limb movement and the role these dynamic loops play during limb movement (see Figure 3) . The lateral cerebellum, including the hemispheric cortex and dentate nucleus, are responsible for generating a detailed plan of limb movement upon receiving a more general instruction from the premotor cortex. 72, 73 The cerebellar plan encompassing the spatiotemporal co-ordination and timing of limb movement [74] [75] [76] [77] is conveyed to the motor cortex via the VL nucleus of the thalamus. En passant, a copy of this plan is also conveyed to the IO nucleus and the parvocellular red nucleus (pRN). [78] [79] [80] Once a movement instruction is sent to the spinal cord by the motor cortex, the intermediate region of the cerebellum (paravermal cortex and the anterior and posterior interpositus nuclei) are involved in implementing corrections to the ongoing proximal and distal limb movements. 72, 73, 76, 77 The interpositus nucleus is assisted in this by receiving visual feed back regarding the target position by afferents from the visual cortex and also proprioceptive feedback from agonist and antagonist muscles of the moving limb via afferents from the dorsal column nuclei. [81] [82] [83] [84] The pRN thus acts as a comparator of the brief movement plan received from
Caudal Zona Incerta for the Treatment of Tremor with Deep Brain Stimulation including PD tremor, but because it receives predominantly cerebellar afferents and no direct basal ganglia afferents, 126,127 the reason why it is effective in controlling PD tremor has remained a paradox. The conduction of abnormal oscillations generated in the basal ganglia in PD to the VL nucleus via cZI would therefore explain this paradox and also explain why we observed such a potent antitremor effect from stimulating cZI in our PD patients.
New Model for Parkinson's Disease Tremor
In PD, resting and postural tremor occurs when the cZI and the STN are deprived of dopamine and serotonin, causing them to become increasingly responsive to their motor cortical excitatory afferents, and they adopt a burst-like firing pattern. cZI divergent GABAergic efferents to the necks of the VL neuron dendrites will promote abnormal synchronisation of cortically driven oscillations, which, in the resting state or when maintaining posture, will be at the frequency ranges 10-~20Hz). Alpha and frequency oscillations transmitted to a highly
responsive STN will be transmitted divergently to the globus pallidus externa (GPe), GPi and the substantia nigra reticulata (SNr), further promoting abnormally synchronised oscillations in the basal ganglia-thalamocortical pathways that will also be transmitted back to the cZI. Tremor oscillations will be generated in the VL thalamocortical neurons when they receive these potent GABAergic and frequency synchronised oscillations from their cZI afferents that will cause them to become progressively hyperpolarised and then rebound burst fire at 4-6Hz. During peripheral limb movements, discrete patterns of high frequency (~60-80Hz), oscillations will disrupt the synchronised lowfrequency oscillations and tremor will be suppressed (see Figure 4) .
Support for the New Model
In support of this hypothesis, Jellinger et al. afferents. 158 It is therefore most likely that the afferents carrying abnormally synchronised GABAergic α and β oscillations to VL are from the cZI. 62 These are known to synapse at the necks of the VL neuron dendrites and will thus have a potent effect on their activity.
Pyramidal neurons in the primary motor cortex upon receiving ~5Hz synchronised burst firing oscillations from VL will be driven to oscillate at the same frequency and manifest as PD tremor. These oscillations along with ~20Hz and ~10Hz synchronised oscillations will also be transmitted back to the basal ganglia 115,118 and ZI, 144 and have been recorded in both locations.
Further Support for the New Model
To further substantiate the role of cZI in the proposed model, we recently conducted an experiment in which α-and β-frequency oscillations were imposed on the cZI using DBS leads in previously non-tremulous patients whose PD has been treated at this target. The generation of tremor and its frequency were quantified using the GPi, CM/Pf or the PPN. No tremor was seen following 80Hz stimulation of any of the target sites. This study supported our hypothesis that PD tremor is generated when VL thalamocortical neurons receive abnormally synchronised α and β oscillations in GABAergic afferents from the cZI, causing them to become hyperpolarised and rebound burst fire in the 4-6Hz range. However, further studies are required to further substantiate our hypothesis/ model for PD tremor. We suggest that the next step would be to stimulate the motor cortex in a normal non-human primate at 10 and 20Hz so that these oscillations are then transmitted to ZI, and we predict that no tremor will be induced. The second part of the experiment would be to infuse a dopamine and serotonin antagonist into the ZI, and we would anticipate the generation of a 4-6Hz tremor in the contralateral limb. PET studies to quantify loss of nigrosubthalamic dopamine in tremor-dominant PD patients compared with akinesia-dominant patients would further help in our understanding of the pathogenesis of PD tremor.
Conclusion
The cZI is the optimal site for DBS to alleviate both proximal and distal limb tremor in all three states (rest, postural and action). Bilateral stimulation can be safely performed and patients do not develop tolerance to stimulation. The ZI plays a key role in the genesis of PD and kinetic tremors. n
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